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Abstract. Nylon 6/clay nanocomposite films were prepared by melt mixing nylon 6 with 
organoclay using a twin screw extruder attached to a blown film die. The type of surfactant 
used in the pretreatment of organoclay was expected to affect the degree of clay 
dispersion, which would in turn affect the degree of crystallinity, crystalline phase and bulk 
properties of the polymer composite. Two different surfactants used to treat the surface of 
montmorillonite clay were trimethyl tallow quaternary ammonium chloride (M3T, a single-
chain surfactant) and dimethyl bis (hydrogenated-tallow) ammonium chloride (M2(HT)2, a 
double-chain surfactant). The addition of the resulting organoclay into nylon 6 was found 
to enhance the formation of γ-phase and increase the degree of crystallinity and 
crystallization temperature of the nylon 6. In fact nanocomposite films containing the 
single-chain surfactant showed a higher degree of clay dispersion in nylon 6 matrix, up to 
148 % higher stiffness and up to 100% lower oxygen permeability than those films 
containing the corresponding double-chain surfactant at the same inorganic loadings 
investigated. As expected, the nanocomposite films exhibited 58% higher stiffness in the 
machine direction than the transverse direction.  
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1. Introduction 
 
The addition of inorganic fillers into polymers is well known as an economical way to improve the 
properties of the polymers. Recently, compounded polymers with layered silicates have been prepared with 
significantly enhanced solid-state mechanical [1-10], gas barrier [3-5, 10-17], thermal [3, 4, 6, 7, 9, 11, 12, 18] 
and other physicochemical properties [2, 9, 11]. These enhancements could be achieved at low clay 
loadings, typically in the range of 1 – 10 wt%. For example, the tensile modulus and oxygen gas barrier 
properties of LDPE/clay nanocomposite films at 7 wt% concentration was doubled and reduced by three 
fourths, respectively, compared to those of neat LDPE [10]. Undoubtedly, the enhanced polymer/clay 
nanocomposites will find use as new materials in automotive, electronic/ high-tech packaging and 
aerospace applications.  
The production of polymer/clay nanocomposite is generally accomplished by two methods: in-situ 
polymerization [12, 17, 19-21] and melt mixing methods [1, 2, 4-7, 10, 11, 13]. Obviously, the melt mixing 
method is easier and more cost effective to prepare nanocomposites. To achieve good dispersion of the 
layered silicates in the polymer matrix, the inorganic clay surface must be treated by ion exchange with an 
organic cation such as alkyl ammonium ion to obtain organophilic clay or organoclay.  
Nylon 6 films are widely used in packaging due to their superb properties such as high strength, high 
stiffness, good toughness, low gas and vapor permeability, and high transparency. The Toyota group first 
prepared nylon 6/clay nanocomposites by in situ polymerization method [20]. Added with only a small 
amount of clay, the nanocomposites exhibited superior mechanical and thermal properties. The nylon 
6/clay nanocomposite films have high potential for application in the packaging field, especially food 
packaging, because they are expected to exhibit improved mechanical and gas barrier properties while 
maintaining high transparency. The enhancement of the gas barrier property results from the tortuous 
pathways of the gas around the silicate platelets through the nanocomposite films. In fact, the high aspect 
ratio of the organoclay platelets also contributes to enhance mechanical performance. As expected, the gas 
barrier property increases as the organoclay loading increases [4, 5, 11-13]. In addition, the crystalline 
structure of the matrix polymer also affects both the gas barrier and mechanical properties[22]. An increase 
in the degree of crystallinity affects the gas permeability due to the reduction in the free volume of the 
amorphous phase of the polymer matrix, including nylon 6 [11].  
A semi crystalline polymer, nylon 6 can assume two crystalline structures, namely, α- and γ-crystalline 
forms, depending on several factors. Generally, quenching or rapid cooling enhances the γ-crystalline form 
of nylon 6 while the α-crystalline form is produced predominantly under slow cooling condition. In fact the 
γ-crystalline structure is produced predominantly when the mobility of the polymer chains are limited [18, 
23, 24]. Interestingly, the addition of layered silicates into the nylon 6 matrix was found to affect the 
orientation of crystallites of nylon 6 [25] as well as enhance the formation of the γ- crystalline phase of 
nylon 6 while its α crystalline phase still remained in the nylon 6/clay nanocomposites.  
The present study is focused on the solid-state properties of nylon 6/clay nanocomposite films made 
by melt-mixing process intended for air-tight packaging applications. More specifically, the role played by 
the chemical structure of the surfactant on the degree of clay dispersion in the nylon 6 matrix, which in turn 
affects the crystal structure and degree of crystallinity of the nylon 6 in the nanocomposite films will be 
examined. The effects of the number of long chain of surfactants and organoclay loading on the resulting 
mechanical and gas barrier properties of the nanocomposite films will also be investigated. 
 
2. Experiments 
 
2.1. Materials 
 
Nylon 6 was obtained from Ube Nylon, Thailand. It had average molecular weight (MW) of 22,000 g∙mol-1 
and specific gravity of 1.14. Na-montmorillonite with cation exchange capacity (CEC) of 0.9 meq∙g-1 
(following ASTM C 837) was supplied by Kunimine Industrial Co., Ltd., Japan. Supplied by Akzo Nobel 
Co., Ltd., Thailand, the surfactants used for ion-exchange reaction were trimethyl tallow quaternary 
ammonium chloride (M3TN+Cl-) (MW = 347.5 g ∙ mol-1 and 50 assay %) and dimethyl bis (hydrogenated-
tallow) ammonium chloride (M2 (HT)2N+Cl-) (MW = 585.5 g ∙ mol-1 and 75 assay %). Their structures are 
shown in Fig. 1.  
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Fig. 1. Molecular structure of (a) trimethyl tallow quaternary ammonium chloride (M3T) and (b) dimethyl 
bis (hydrogenated-tallow) ammonium chloride (M2(HT)2). 
 
 
2.2. Methods 
 
2.2.1. Surface modification of montmorillonite 
 
The surfaces of the Na-montmorillonite were modified with the above-mentioned ammonium salts via ion 
exchange to obtain the corresponding organoclays. First, Na-montmorillonite powder in water was heated 
up to 70 C while being stirred intensively for 3 hours. The Na-montmorillonite suspension was then 
mixed with the surfactant solution of interest. The solid part was filtered out, washed with distilled water 
for at least 3 times and then dried in an oven at 80 C for 3 to 4 days. The dried solid was mortared and 
sieved to control the maximum particle size. The clay treated with trimethyl tallow quaternary ammonium 
chloride (M3TN+Cl-) and dimethyl bis (hydrogenated-tallow) ammonium chloride (M2 (HT)2N+Cl-) was 
designated as M3T and M2(HT)2 organoclay, respectively. 
 
2.2.2. Preparation of nylon 6/clay nanocomposite films 
 
The organoclay and nylon 6 were separately dried in a vacuum oven at 80 C for at least 24 hours to 
completely remove all absorbed moisture. To obtain nylon 6/clay nanocomposite films with different 
organoclay loadings (1, 3, 5 and 7 wt%), the two raw materials were melt mixed using a co-rotating twin-
screw extruder (L/D = 25 and D = 16 mm) attached to a 24 mm diameter blown film die (Thermo Haake, 
Rheomex, Germany) operated at a barrel temperature of 250 C and a screw speed of 200 rpm. The 
thickness of all films is in the range of 50  5 m. 
 
2.2.3. Characterization of the nanocomposite films 
 
XRD patterns of the layered silicates in the pristine clay, organoclay powder and nylon 6/clay 
nanocomposite films as well as the crystalline phase of the nylon 6 matrix were obtained with a 
diffractometer (Bruker AXS: D8 Discover model) using CuKα radiation of wavelength 1.542 Å and 
scanning in the range of 2θ = 1-10˚ and 2θ = 18-28˚ at a rate of 0.0125 degree ∙ min-1. The voltage and 
current used in these analyses were 40 kV and 40 mA, respectively. The interlayer spacing of the clay 
platelets was estimated via Bragg’s equation. The dispersion state of the layered silicates in the nylon 6/clay 
nanocomposite films was observed by means of transmission electron microscopy (TEM, JEM-2010 JEOL, 
Japan) at an accelerating voltage of 200 kV. To do this, the films were first embedded in epoxy resin and 
ultra-thin sections of 80 nm thickness of the nanocomposite films were then obtained under cryogenic 
condition (-10 ºC), using cryo-ultramicrotome.  
DOI:10.4186/ej.2012.16.2.93 
96                                                  ENGINEERING JOURNAL Volume 16 Issue 2, ISSN 0125-8281 (http://www.engj.org) 
The crystalline-melting temperatures (Tm) of the pristine polymer and nanocomposite films were 
determined by differential scanning calorimetry (DSC, TA instruments, 2910, USA) at a heating rate of 
10˚C/min from 40˚C to 240˚C in N2 atmosphere. Tensile tests were performed on a universal testing 
machine (Instron 5567, NY, USA) to determine the tensile modulus, elongation at break and yield strength 
of the neat nylon 6 and nylon 6/clay nanocomposite films according to ASTM D 882. Oxygen permeability 
measurements of nylon 6/clay nanocomposite films and neat nylon 6 films were carried out at 23 C, 
0%RH, atmospheric pressure using an oxygen permeation analyzer (Illinois 8000 Illinois instrument, USA). 
According to ASTM D 3985, the amounts of oxygen that permeated through the films were detected in 
units of cc∙m-2∙day-1∙atm-1. 
 
3. Results and discussion 
 
3.1. Degree of clay dispersion in nylon 6/clay nanocomposite films 
 
The degree of clay dispersion in a polymer matrix is known to affect its degree of crystallinity, which in turn 
affects the mechanical and barrier properties of the resulting polymer/clay nanocomposites. In particular, a 
nanocomposite with exfoliated clay platelets throughout the polymer matrix is expected to exhibit superior 
properties due to the high aspect ratio of clay and large interfacial area between the polymer matrix and 
layered silicates of the clay. The XRD patterns of the pristine clay, and the unmixed M3T and M2(HT)2 
organoclays are illustrated in Fig. 2. In addition, the calculated interlayer spacing of clay is shown in Table 1. 
Obviously the peak of the pristine clay was found at 2θ = 7.15˚, corresponding to an interlayer spacing of 
1.23 nm. The M3T organoclay exhibited broad low peaks at 2θ = 1.67˚, 3.31˚ and 4.65˚, corresponding to 
interlayer spacing of 5.27, 2.67 and 1.90 nm, respectively, due to the different orientation of the surfactant 
molecules between the layered silicates. On the other hand, the M2(HT)2 organoclay exhibited a tall peak at 
2θ = 2.45˚ and a small peak at 2θ = 4.88˚, corresponding to interlayer spacing of 3.59 and 1.81 nm, 
respectively, of the {001} and {002} planes of the clay.  
The XRD patterns of the M3T nanocomposite films with different organoclay loadings are shown in 
Fig. 3a. The XRD pattern of 1 wt% M3T nanocomposite film was essentially flat and only a small shoulder 
was barely visible at 2θ = 1.96˚ because of the almost completely exfoliated state of the clay platelets in the 
nylon 6 matrix. On the other hand, the increasingly broad and tall XRD peaks of the M3T nanocomposite 
films with 3, 5 and 7 wt% of organoclay loading, respectively, were observed at 2θ = 2.02˚, 2.46˚and 2.60˚, 
which corresponded to interlayer spacing of 4.38, 3.58 and 3.40 nm, respectively. In other words, the 
interlayer spacing between the layered silicates of the organoclay decreased as the organoclay loading 
increased. The broad tall XRD peaks indicate the disordered state of clay platelets in the nylon 6 matrix. 
The observation might be attributed to the degradation of the ammonium ions within the layered silicates 
[8, 10], the shifting from a dilute to a concentrated solution system of the clay in polymer matrix, the 
rearrangement of the surfactant between the layered silicates [26, 27] while melt mixing nylon 6 with the 
M3T organoclay, or a combination of these three. In any case, the clay platelets tended to be packed closely 
to reduce the system’s free energy and make the system thermodynamically favorable. The XRD 
interpretation results were confirmed by the TEM image in Fig. 4. Both individual clay platelets and stacks 
of clay platelets were observed in M3T nanocomposite films with 3 wt% of organoclay loading. As we will 
see, both the state of clay dispersion and the amount of clay loading should affect the solid-state properties 
of M3T nanocomposite films such as the mechanical and barrier properties. 
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Table 1. Diffraction peak and interlayer spacing of pristine clay, organoclay and nylon 6/clay 
nanocomposite films. 
 
Sample 2θ ( ◦ ) 
Interlayer 
spacing (nm) 
Pristine clay 7.15 (001) 1.23 (001) 
M3T organoclay 
1.67 (001) 
3.31 (001) 
4.65 (001) 
5.27 (001) 
2.67 (001) 
1.90 (001) 
1 wt% M3T film 1.96 (001) 4.51 (001) 
3 wt% M3T film 2.02 (001) 4.38 (001) 
5 wt% M3T film 2.46 (001) 3.58 (001) 
7 wt% M3T film 2.60 (001) 3.40 (001) 
M2(HT)2 
organoclay 
2.45 (001) 
4.88 (002) 
7.36 (003) 
3.59 (001) 
1.81 (002) 
1.20 (003) 
1 wt%M2(HT)2  
film 
2.00 (001) 
4.59 (002) 
4.40 (001) 
1.92 (002) 
3 wt%M2(HT)2 
film 
2.33 (001) 
4.57 (002) 
3.79 (001) 
1.93 (002) 
5 wt%M2(HT)2  
film 
2.35 (001) 
4.63 (002) 
3.75 (001) 
1.90 (002) 
7 wt%M2(HT)2 
film 
2.34 (001) 
4.62 (002) 
3.77 (001) 
1.91(002) 
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Fig. 2. XRD patterns of pristine clay, M3T and M2(HT)2 organoclays with insertion of XRD patterns of 
M3T and M2(HT)2 nylon 6/clay nanocomposite films at 1 wt.% organoclay loading. 
 
 
 
 
 
Fig. 3. XRD patterns of organoclay and nylon 6/clay nanocomposite films with different organoclay 
loadings (a) case of M3T (b) case of M2(HT)2. 
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Fig. 4. TEM micrograph of M3T nylon 6/clay nanocomposite films with 3 wt.% organoclay loading. 
 
 
Both the inserted figure in Fig. 2 and Fig. 3b reveal that the XRD pattern of 1 wt% M2(HT)2 
nanocomposite films exhibited two peaks at 2θ = 2.00˚ and 4.59˚, corresponding to the interlayer spacing 
of 4.40 and 1.92 nm, respectively. Note that the scale on the y-axis (intensity) of Fig. 3 is not the same as 
that of the inserted figure in Fig. 2. In other words, it’s the authors’ intention to show the small diffraction 
peaks of 1wt% M2(TH)2 nanocomposite at 2θ = 2.00˚ and 4.59˚, which we cannot see from Fig. 3b. The 
slightly wider spacing than that of the pure M2(HT)2 organoclay indicated the partial insertion of polymer 
chains between the clay platelets. Interestingly, the diffraction peaks of all other M2(HT)2 nanocomposite 
films were essentially shifted to two higher angle values of 2θ = 2.33˚ and 4.57˚, respectively, which 
corresponded to the same interlayer spacing of 3.79 and 1.93 nm, respectively. This indicates the same 
degree of clay dispersion for the 3, 5 and 7 wt% M2(HT)2 nanocomposite films. Meanwhile, the diffraction 
intensity was found to increase as the organoclay loading increased due to the large amount of clay platelets 
that diffract X-ray. 
The above XRD results reveal that the M3T nanocomposite films showed a higher degree of clay 
dispersion than the corresponding M2(HT)2 nanocomposite films for all organoclay loadings. More 
specifically, in the case of 1 wt% loading, the diffraction peak of the M3T nanocomposite film was nearly 
flat while that of the M2(HT)2 nanocomposite film exhibited two small peaks. Similarly, at 3, 5 and 7 wt% 
organoclay loadings, the XRD peaks of the M3T nanocomposite films were much broader than those of the 
M2(HT)2 films, thereby confirming the more disordered or random state of the clay platelets in the M3T 
films. 
 
3.2. Crystalline structure of nylon 6 in the nylon 6/clay nanocomposite films 
 
After the interlayer spacing of the clay platelets was investigated, the crystalline structures of nylon 6 in the 
neat film and nanocomposite films could also be analyzed by means of the XRD technique in the range of 
2θ =18 - 28°. Fig. 5a presents the XRD patterns of the crystalline structures of neat nylon 6 and the M3T 
nanocomposite films with different organoclay loadings. The XRD peak at around 2θ = 21.4° which 
corresponded to the -crystalline phase of nylon 6 was observed for neat nylon 6 and all M3T 
nanocomposite films. The peak area of the -crystalline phase of nylon 6 increased 11.3 times upon 
addition of 3 wt% of organoclay, thereby indicating a significant increase in the degree of crystallinity of the 
nylon 6. This means that the layered silicates of the organoclay served as heterogeneous nucleating agent. 
However, the said peak area instead decreased when the organoclay loading was further increased to 5 wt%. 
It may be considered that an excess of the clay platelets hindered the crystallization process. Note that all 
XRD patterns in Fig. 5a and 5b are plotted with the same intensity scales; however, the numeric and unit 
on y axis are not shown due to the cascade data. 
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(a) 
 
(b) 
Fig. 5. XRD patterns associated with the crystalline phase of nylon 6 and its nanocomposite films with 
different organoclay loadings: (a) case of M3T; (b) case of M2(HT)2. 
 
Similarly, Fig. 5b shows that the diffraction peaks corresponding to the -crystalline phase of the nylon 
6 in the M2(HT)2 nanocomposite films appeared at the same 2θ value (2θ =21.4°) as that of the M3T 
nanocomposite films. However, the peak areas of the M2(HT)2 nanocomposite films was less than those of 
the corresponding M3T nanocomposite films, thereby indicating a smaller degree of crystallinity for the 
M2(HT)2 nanocomposite films. For instance, the peak areas corresponding to the degree of crystallinity of 
the 3 wt% M2(HT)2 and M3T nanocomposite films increased by 9.6 and 11.3 times compared with that of 
neat nylon 6 films. When adding more than 5wt% of the organoclay, the peak area corresponding to the -
crystalline phase of nylon 6 began to decrease rapidly. It may be considered that, when organoclay was 
added over 3 wt%, the excessive number of platelets tended to limit the growth of the nylon 6 crystallites 
between the layered silicates [18]. 
 
3.3. Thermal behavior of nylon 6 and nylon 6/clay nanocomposite films 
 
Figure 6a shows the DSC melting curves of neat nylon 6 and the M3T nanocomposite films with different 
organoclay loadings. According to the DSC curve, the neat nylon 6 film showed a single crystalline-melting 
temperature (Tm) at 221.2 ˚C, which corresponded to the α-crystalline phase of nylon 6 and was an obvious 
contradiction to the XRD result. This discrepancy might be ascribed to the rearrangement during heating of 
polymer chains in the γ form to the more stable α-crystalline phase. At all organoclay loadings, the M3T 
nanocomposite films exhibited two melting peaks at 209.6 and 220.3 ˚C which corresponded to the γ- and 
α-crystalline phases, respectively, of nylon 6. In fact the α-crystalline phase of the nylon 6 matrix was 
dominant in all nanocomposites. Furthermore, the α-crystalline peak area decreased as the organoclay 
loading increased but the γ-crystalline peak became sharper as the loading increased up to 5 wt%, beyond 
which the area started to decrease. This indicated that the addition of the organoclay into the nylon 6 
matrix enhanced the formation of the γ-crystalline phase of nylon 6, which was consistent with Fornes et al. 
[18], Jiang et al. [11] and Liu et al. [7]. As shown in Fig. 6b, a similar trend of the DSC profiles was also 
observed for the M2(HT)2 nanocomposite films. At all organoclay loadings, the M2(HT)2 nanocomposite 
films exhibited two melting peaks at 210.0 and 220.0 ˚C, respectively, which corresponded to the γ- and α-
crystalline phases of nylon 6. Upon the addition of only 1 wt% of M2(HT)2 organoclay, the γ-crystalline 
phase of nylon 6 appeared sharply. The γ-phase decreased gradually as the organoclay loading further 
increased.  
In short, it should be noted that the addition of organoclay into the nylon 6 matrix increased the γ-
crystalline phase of nylon 6 because the added layered silicates into nylon 6 matrix enhanced the rate of 
crystallization, which was evident from the higher crystallization temperature upon the increasing 
organoclay loading as shown in Fig. 7. It may be considered that the layered silicates serve as heterogeneous 
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nucleating agent.[28] However, the lower crystallization temperature could be observed at high organoclay 
loading because the diffusion of nylon 6 chains to be incorporated and formed as crystalline parts in the 
space between layered silicates was hindered at high organoclay loading. Although the degree of crystallinity 
of the nylon 6 matrix can be determined from both the DSC and XRD data, the DSC heating curve was 
less reliable than the XRD peak because the polymer chains could rearrange and form other stable 
crystalline part during heating.[22] Therefore, the degree of crystallinity obtained from the XRD peak will 
be used in all subsequent discussion. 
 
 
(a) 
 
(b) 
Fig. 6. DSC heating profiles of nylon 6 and nanocomposite films with different organoclay loading: (a) 
case of M3T; (b) case of M2(HT)2. 
 
 
 
 
(a) (b) 
Fig. 7. DSC cooling profiles of nylon 6 and organoclay nanocomposite films at different organoclay 
loading: (a) case of M3T; (b) case of M2(HT)2. 
 
3.4. Mechanical properties of nylon 6 and nylon 6/clay nanocomposite films 
 
The tensile properties in both the machine direction (MD) and transverse direction (TD) of neat nylon 6 as 
well as the M3T and M2(HT)2 nanocomposite films with different organoclay loadings are summarized in 
DOI:10.4186/ej.2012.16.2.93 
102                                                  ENGINEERING JOURNAL Volume 16 Issue 2, ISSN 0125-8281 (http://www.engj.org) 
Table 2. As expected, the tensile modulus and yield strength of all nanocomposite films increased in both 
the TD and MD as the organoclay content increased. In fact, the MD tensile modulus and yield strength of 
the 7 wt% M3T nanocomposite film were 2.7 and 1.6 times, respectively, of the neat nylon 6 film. 
Meanwhile, the corresponding TD values of the 5 wt% M3T nanocomposite film were 1.8 and 1.4 times, 
respectively, of the neat nylon 6 film. On the other hand, the corresponding MD values of the 3 wt% 
M2(HT)2 nanocomposite film increased only 30 and 29%, respectively, compared to the neat nylon 6 film. 
In addition, these values slightly decreased when the M2(HT)2 organoclay exceeded 3 wt%. The 
enhancement of the tensile modulus and yield strength for both the M3T and M2(HT)2 nanocomposite 
films could be attributed to the presence of the compatible organoclay filler that acts as reinforcing agent, 
the good dispersion of the organoclay in the polymer matrix and the increase in the degree of crystallinity 
of the nylon 6 matrix. Nevertheless, as discussed earlier, the tensile modulus and yield strength of the 
M2(HT)2 nanocomposite films decreased after the organoclay content exceeded 3 wt% primarily because of 
the reduction in the degree of crystallinity.  
The elongation at break of all nanocomposite films decreased with the presence of organoclay in the 
nylon 6 matrix because the dispersed clay platelets increased the film stiffness. For example, the elongation 
at break of the 7 wt% M3T nanocomposite films decreased by 51 % compared to that of the neat nylon 6 
film. The M3T nanocomposite films exhibited higher stiffness than the corresponding M2(HT)2 
nanocomposite films at the same clay loading because of the significant difference in the degree of clay 
dispersion in the nylon 6 matrix. Nylon 6 is polar in nature and it can easily form hydrogen bonding within 
and between polymer chains. Therefore, the nylon 6 chains are capable of accessing the surfaces of the clay 
platelets. Since the size of the M3T surfactant was significantly smaller than M2(HT)2 surfactant, the nylon 6 
chains could more intimately interact with the M3T organoclay platelets than the M2(HT)2 ones. As a result, 
the M3T nanocomposite films exhibited a higher degree of clay dispersion than the M2(HT)2 ones, which 
was confirmed by XRD analysis. The better dispersion contributed to higher enhancements of the solid-
state mechanical properties. In either case, the presence of the layered silicate of the clay and the degree of 
crystallinity of the polymer also enhanced the stiffness of the composite materials. 
As expected, the orientation of the clay platelets also affected the solid-state mechanical properties of 
the nanocomposite films. In the present study, the nanocomposite films were formed with the use of a twin 
screw extruder attached to a blown film die while the polymer chains were drawn in the machine direction. 
In Table 2, the values of the tensile modulus of the neat nylon 6 film were only slightly different in the MD 
and TD directions. However, the MD tensile modulus of the 7 wt% M3T nanocomposite films turned out 
to be 1.6 times higher than the TD one. Logically, because of the shear forces, the clay platelets would be 
forced to align themselves in the direction of the flow or machine direction but not in the transverse 
direction of the film. As a result, the aligned layered silicates would reinforce the polymer film more in the 
machine direction than the transverse direction. 
 
3.5. Gas barrier performance of nylon 6/clay nanocomposite films 
 
The oxygen permeability of the neat nylon 6 film as well as the M3T and M2(HT)2 nanocomposite films 
with different organoclay contents are also listed in Table 2. Originally the oxygen permeability of the M3T 
nanocomposite films was expected to decrease compared with that of the neat nylon 6 film because the 
added clay platelets would create tortuous pathways for the passage of oxygen. For example, the oxygen 
permeation rate of the 5 wt% M3T nanocomposite films decreased by 27% compared to that of the neat 
nylon 6 film. Unexpectedly, the oxygen permeability of M2(HT)2 nanocomposite films gradually increased 
as the organoclay loading increased. From the XRD results, the M3T nanocomposite films showed 
significantly broader peaks compared those of the corresponding M2(HT)2 films. This means that the melt 
mixing process created disordered structure of M3T organoclay randomly dispersed throughout nylon 6 
matrix. However, the narrower XRD peaks of the M2(HT)2 nanocomposite films were located at essentially 
the same positions as that of the M2(HT)2 organoclay, thereby indicating that the clay platelets were in 
ordered state and did not randomly disperse throughout the polymer matrix. Consequently, the oxygen 
permeation rate of the M3T nanocomposite films was generally significantly lower than that of the 
corresponding M2(HT)2 nanocomposite films. Not only the presence of the clay platelets but a change in 
the crystalline phase of nylon 6 also improved oxygen barrier properties. The interplanar spacing of the γ-
crystalline phase of nylon 6 was narrower than that of the α-crystalline phase, thereby resulting in a 
reduction of the free volume of nylon 6.  
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Table 2. Tensile properties in both machine and transverse directions, and oxygen transmission rate of 
nylon 6/clay nanocomposite films. 
 
PA6/clay 
nanocomposite 
film 
Tensile modulus 
(MPa) 
Tensile 
strength at 
yield (MPa) 
Elongation at 
break (%) 
O2TR 
(cc.mil/m2.day.
atm) 
MD TD MD TD MD TD 
Neat PA6 
351.26  
35.02 
334.97  
21.46 
21.03 
 0.88 
20.05 
 0.91 
163.78  
16.38 
248.99 
 24.43 
72.07  7.00 
1wt%M3T 
543.75  
29.71 
344.43  
28.17 
29.65 
 1.88 
24.97 
 1.85 
112.89  
12.81 
238.55 
 33.03 
69.41  0.47 
3 wt%M3T 
712.82  
38.42 
570.97  
46.71 
31.54 
 1.47 
25.83 
 2.11 
89.67  
12.46 
192.38 
 30.98 
80.09  0.58 
5 wt%M3T 
868.51  
41.71 
601.62  
42.88 
32.54 
 1.78 
28.37 
 3.74 
86.24  
13.17 
180.71 
 25.01 
52.84  4.93 
7 wt%M3T 
939.12  
43.80 
594.95  
48.10 
32.85 
 1.59 
27.26 
 2.61 
79.43  
13.12 
178.29 
 36.36 
56.50  0.77 
1 wt%M2(HT)2 
447.06  
37.55 
340.01  
35.05 
26.40 
 1.40 
23.87 
 1.56 
117.12  
11.94 
241.31 
 19.60 
71.31  5.17 
3 wt%M2(HT)2 
457.99  
58.33 
366.33  
32.41 
27.15 
 1.86 
24.84 
 1.60 
102.40  
16.69 
199.11 
 23.74 
77.02  0.90 
5 wt%M2(HT)2 
430.70  
44.78 
337.32  
33.70 
23.18 
 2.19 
22.08 
 1.11 
101.62  
9.77 
236.83 
 16.03 
90.60  3.80 
7 wt%M2(HT)2 
378.91  
54.29 
342.22  
30.68 
21.12 
 1.19 
22.08 
 2.22 
128.16  
15.38 
230.86 
 24.73 
113.24  7.15 
 
 
4. Conclusion 
 
The effects of the surfactant type and organoclay loading on the crystallinity, degree of clay dispersion and 
the resulting solid-state properties of nylon 6/clay nanocomposites were extensively investigated. The M3T 
organoclay modified with the single-chain surfactant shows a more disordered structure than the M2(HT)2 
organoclay modified with the double-chain surfactant. The XRD analysis confirmed that the M3T 
nanocomposite films exhibited a higher degree of clay dispersion than the corresponding M2(HT)2 
nanocomposite films. In addition, both DSC and XRD results revealed that the addition of layered silicates 
induced γ-crystalline form of nylon 6. The degree of crystallinity of the M3T nanocomposite films was 
shown to be higher than that of the corresponding M2(HT)2 nanocomposite films at the same organoclay 
loading. Since good dispersion of the clay platelets and a high degree of crystallinity of the nylon 6 matrix 
led to the enhancement of the mechanical and barrier properties of the nanocomposite films, the tensile 
modulus, yield strength and gas barrier properties of the M3T films were much higher than those of the 
corresponding M2(HT)2 films. Furthermore, all nylon 6/clay nanocomposite films exhibited higher 
mechanical properties in the machine direction than the transverse direction.  
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